Lenalidomide is an immunomodulatory agent that has been approved by the US Food and Drug Administration for treatment of multiple myeloma, deletion 5q myelodysplastic syndrome, and mantle cell lymphoma. In addition, it has clinical activity in lymphoproliferative disorders and acute myeloid leukemia. The mode of action includes immunomodulatory, anti-inflammatory, antiangiogenic, and antiproliferative mechanisms. The antitumor effect is a result of direct interference of key pathways in tumor cells and indirect modulation of the tumor microenvironment. There has been no recent collective review on lenalidomide in multiple myeloma, myelodysplastic syndrome/acute myeloid leukemia, and lymphoma. This review summarizes the results of current clinical studies of lenalidomide, alone and in combination with other agents, as a therapeutic option for various hematologic malignancies.
Introduction
Lenalidomide and pomalidomide are immunomodulatory drugs (IMiDs) that have been derived by altering the structure of the parent drug: thalidomide. In the late 1990s, thalidomide was found to be effective in multiple myeloma (MM) when it was tested for its antiangiogenic potential. Subsequent efforts to improve the efficacy and reduce the toxicity of this agent led to the development of lenalidomide. Several mechanisms have been proposed by which lenalidomide has shown to boost immune responses. Lenalidomide enhances antigen uptake by antigen-presenting cells 1 and potentiates immune responses by restoring dendritic cell function, inhibiting regulatory T-cell activity, and activating NK cells and T-cells by boosting production of interferon gamma and interleukin-2.
2, 3 The IMiDs possess antiangiogenic properties; 4, 5 impair interaction between malignant cells and bone marrow stromal cells; 6 induce cell cycle arrest; and have direct antiproliferative effects. 7, 8 However, the biochemical mechanisms underlying their therapeutic effects were not known until recently.
Thalidomide binds cereblon, a substrate-recognition component of an ubiquitin ligase, and inhibits autoubiquitination. 9 In MM as well as activated B-cell type (ABC) diffuse large B-cell lymphoma, cereblon has been identified as the target for the immunomodulatory and antiproliferative activities of lenalidomide. 10, 11 IMiD resistance is associated with downregulation of cereblon 12 and high concentrations of cereblon are associated with increased responsiveness to IMiDs. 13 In MM cells, lenalidomidebound cereblon acquires the ability to target the proteosomal degradation of two B-cell transcription factors, IKZF1 and IKZF3, an essential step in the anti-myeloma effect. 14 In ABC diffuse large B-cell lymphoma, the tumoricidal effect of lenalidomide is associated with the cereblon-mediated downregulation of IRF-4 leading to inhibition of the B-cell receptor-NF-kB signaling pathway. 11 In myelodysplastic syndrome (MDS) with 5q-, a novel cereblon substrate, casein kinase 1A1 (CSNK1A1) has been identified as a lenalidomide target; increased ubiquitination and decreased levels of CSNK1A1 have been noted with lenalidomide treatment in 5q-MDS. 15 The proposed mechanisms of actions of lenalidomide are mainly supported by in vitro studies and some ex vivo studies, although the clear evidence attesting to these mechanistic links in various clinical settings remains to be systematically explored. For instance, concurrent administration of dexamethasone with lenalidomide in MM patients clearly improves efficacy irrespective of the fact that dexamethasone is antagonistic to lenalidomide's immune-stimulatory effects on NK cells and T regulatory cells. 16 Hence, more work is required to understand whether the clinical efficacy of lenalidomide in hematologic malignancies is linked to a common target or represents summation of several independent effects.
Chemical structure and pharmacokinetics
Lenalidomide was the first analog of thalidomide. The International Union of Pure and Applied Chemistry name for the compound is 3-(4-amino-1-oxo-1,3-dihydro-2H-isoindol-2-yl)piperidine-2-6-dione. The molecular formula for lenalidomide is C13H13N3O3. It is structurally similar to thalidomide, but it possesses an asymmetric carbon atom and therefore can exist in the optically active enantiomers S(-) and R(+). It is produced as a racemic mixture with a net optical rotation of zero. The solubility in organic solvents is greater than in aqueous solvents. In vitro anti-inflammatory studies reveal lenalidomide to be about 1,000-times more potent than thalidomide whereas pomalidomide is ten-times more potent than lenalidomide. However the maximum tolerated dose and plasma levels of pomalidomide are at least ten-times lower than for lenalidomide, hence this higher potency of pomalidomide may not be clinically exploitable.
The development of lenalidomide was spurred by the need to reduce the nonhematologic adverse effects of thalidomide and to enhance the immunomodulatory effects; the compound was rationally designed to achieve these goals. 17, 18 The chemical structure imparts less sedation, constipation, and neuropathy compared to thalidomide. However, it is more myelosuppressive and the incidence of grade 3/grade 4 hematologic toxicities are leukopenia: 5%-7%, anemia: 6%-11%, and thrombocytopenia: 12%-50%.
Lenalidomide is rapidly absorbed from the gastrointestinal tract with peak levels achieved in 30-360 minutes. The protein binding of lenalidomide at 30% is less than of thalidomide at 55%-65%. It has a shorter elimination half-life of ∼3 hours compared to thalidomide at ∼5.5 hours and pomalidomide at ∼7.5 hours. It is excreted in the urine mostly as unchanged drug (82%); dialysis is able to remove 40% of a dose.
Clinical utility in hematologic malignancies MM
The use of IMiDs and proteasome inhibitors together with advances in autologous stem-cell transplantation (ASCT) have improved survival substantially in MM patients. Lenalidomide provides rapid and sustained disease control and has been integrated into therapy for relapsed/refractory and newly diagnosed transplant-eligible and -ineligible MM patients in all disease settings. The earliest Phase I/II trials, which were reported more than 10 years ago, demonstrated manageable toxicity with promising anti-MM activity. The reports highlighted that lenalidomide lacked the adverse effects associated with thalidomide, namely a high incidence of peripheral neuropathy, constipation, and somnolence. 19 Based on these results, lenalidomide was granted orphan status in 2001 and fast-track status in 2003, which led to the opening of two large Phase III randomized placebo-controlled registration trials (MM-009 in US and Canada, and MM-010 in Europe, Australia, and Israel) for relapsed/ refractory MM. These trials compared lenalidomide plus dexamethasone (RD) to dexamethasone alone and enrolled 353 and 351 patients, respectively (n=704). 20, 21 In both arms, pulsed high-dose dexamethasone (480 mg per cycle) was used in 28-day cycles, and treatment was continued until the disease progressed or unacceptable adverse effects occurred. Both studies were stopped at the first preplanned interim analysis for benefit and demonstrated superiority of RD compared with single-agent dexamethasone in terms of response rates, time to progression, and overall survival (OS). Mature pooled data of these two studies at a median follow-up of 4 years showed a sustained significant benefit for the lenalidomide arm (median OS of 38 months compared with 31.6 months, respectively; P=0.045). 22 Based on this data, lenalidomide (in combination with dexamethasone) was approved by the US Food and Drug Administration (FDA) 
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Lenalidomide in hematologic malignancies untreated population (both transplant eligible and ineligible) and as maintenance therapy following ASCT or following non-transplant induction regimens (Table 1) . [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] Lenalidomide is effective and well tolerated when used as part of first-line regimens in previously untreated patients. Zonder et al showed an improved median 1-year progressionfree survival (PFS) (78% versus 52%) and improved OS (77% versus 48%) in patients receiving RD compared with placebo/dexamethasone. 24 The improved safety profile and lower rate of early deaths associated with low-dose dexamethasone (160 mg per cycle) plus lenalidomide (Rd) versus RD have led to widespread adoption of this approach as initial therapy for both transplant-eligible and transplant-ineligible patients. 25 In the recently reported randomized Phase III Frontline Investigation of REVLIMID + Dexamethasone Versus Standard Thalidomide (FIRST) trial in elderly patients with previously untreated MM not eligible for transplantation, a continuous regimen of Rd emerged as the winner with median progression free survival of 25.5 months when compared with 20.7 months for a fixed course (18 cycles) of Rd (Rd18) and 21.2 months for melphalan, prednisone, and thalidomide (MPT) . 26 This study demonstrated a 28% reduction in risk of progression or death for patients treated with continuous Rd administered until progression compared with those treated with MPT (hazard ratio [HR] 0.72; P,0.001) and a 30% risk reduction compared with Rd18 (HR 0.70; P,0.001). Additionally, response rates were significantly higher with continuous Rd (75%) and with Rd18 (73%) than with MPT (62%; P,0.001 for both comparisons).
The Rd regimen is also the backbone upon which numerous other regimens are built, for example, cyclophosphamide/ Rd, clarithromycin (Biaxin)/Rd, bortezomib (Velcade)/Rd (VRd), pegylated doxorubicin/Rd, carfilzomib (Kyprolis)/Rd (KRd), ixazomib/Rd, etc Limited data are available to draw conclusions regarding the superiority of one lenalidomidebased combination over another. Response rates are clearly In addition to being studied in induction regimens, lenalidomide has been investigated for use post-ASCT for consolidation and maintenance. Lenalidomide has been evaluated in three Phase III studies in patients as maintenance therapy following ASCT (CALGB 100104, IFM 2005-02) or as continuous therapy for transplant-ineligible patients (MM-015). [27] [28] [29] All three trials reported significant progression free survival benefit with the use of lenalidomide maintenance compared with placebo, the CALGB study reported significant difference in 3-year OS (88% versus 80%, P=0.03). 28 Data on using lenalidomide as a maintenance strategy are less than clear as regards OS and further studies are awaited.
In newly diagnosed MM, lenalidomide is part of widely used triplet and doublet combinations such as VRd and Rd, respectively. There are no head-to-head comparisons between Rd and Vd, or between VRd and cytoxan/bortezomib/ dexamethasone (CyBorD). The choice of using a lenalidomide-based regimen is often dictated by approval status of lenalidomide for initial therapy, drug availability, disease characteristics, patient preferences, existing comorbidities, and cost considerations. CyBorD is generally preferred for those with renal failure. Rd is generally favored in patients who prefer oral over intravenous/subcutaneous administration of medications and in those with preexisting neuropathy. In this regard, triplet all-oral combination of oral proteasome inhibitor ixazomib/Rd represents a valuable addition, considering its safety, tolerability, and activity in a Phase I/II trial in relapsed/refractory MM patients. 30 Ixazomib/Rd could be a convenient and effective regimen in the near future if ongoing randomized studies that are investigating weekly dosing of ixazomib 4.0 mg (versus placebo) plus Rd in relapsed/ refractory MM patients (NLM identifier: NCT01564537) and in previously untreated transplant-ineligible MM patients (NLM identifier: NCT01850524) substantiate its superiority. In addition, financial considerations become important in the choice of long-term therapy with lenalidomide-based regimens. In many countries, there is prohibitive out-ofpocket cost for using lenalidomide, and Rd given for many years may not be a financially viable option, even though it is a well-tolerated oral regimen ideal for elderly patients. The starting initial recommended dose of lenalidomide is 25 mg daily for adults over 18 years of age. For patients above the age of 65, dose reduction to 15 mg or 10 mg daily may be appropriate. 31 Nearly all trials have shown that lenalidomide therapy increases the risk of venous thromboembolism (VTE), and the risk significantly increases when lenalidomide is combined with dexamethasone, melphalan, and prednisone. Aspirin, warfarin, and enoxaparin have all been used at various doses as VTE prophylaxis in trials of thalidomide and lenalidomide. In the two key randomized studies comparing RD to high-dose dexamethasone, VTE frequency of about 14% was noted with RD compared with a frequency of 5% in the dexamethasone group. 20, 21 The exact mechanism by which lenalidomide and other IMiDs induce thrombosis is unknown, but it is thought that alterations in thrombomodulin, protease activated receptor-1, and resistance to activated protein C might play roles. 32, 33 Patients receiving combination therapy with lenalidomide should receive some form of thromboprophylaxis incorporated into their therapy, and modifiable risk factors should be managed. The most common hematologic toxicities associated with lenalidomide are grade 3/4 neutropenia and thrombocytopenia. Rates of these toxicities varied among trials and may have been affected by the context in which lenalidomide was used (ie, relapsed or refractory disease versus newly diagnosed MM), but neutropenia occurred in 50%-60% of patients, and thrombocytopenia occurred in 20%-30% of patients. Patients should be closely monitored for hematologic toxicities and recommended dosage adjustments for lenalidomide should 
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Lenalidomide in hematologic malignancies be followed with occurrence of grade 3 or 4 toxicities. Other common toxicities include fatigue, asthenia, nausea, constipation, muscle cramp, anemia, diarrhea, and rash. Fatigue is commonly associated with cumulative effect; although not generally severe, it can be bothersome for some patients, and can be minimized by supportive measures including moderate level of activity, proper fluid intake, and consistent sleeping schedule. In the lenalidomide maintenance studies, around 12%-27% of patients needed to discontinue therapy due to adverse events. [27] [28] [29] Patients who discontinue for reasons other than progressive disease do poorly and hence optimal management of toxicities and dose modification strategies are crucial. Lenalidomide is mainly eliminated unchanged via the kidneys, and renal impairment reduces clearance of lenalidomide. As a result, lenalidomide dose adjustments are needed in patients with renal impairment to avoid excessive and potentially toxic levels of the drug. Lenalidomide is associated with risk of teratogenesis. Pregnancy must be ruled out before starting treatment in women of child-bearing age, and these women must use effective contraception while on lenalidomide. Lenalidomide is approved for marketing in the United States only under a FDA-approved restricted distribution program called Revlimid risk evaluation and mitigation strategy (REMS). As a requirement of the REMS program, access to this medication is restricted. Prescribers and pharmacies must be certified with the program to prescribe or dispense lenalidomide and patients must comply with the program requirements. Lenalidomide has been linked to second primary malignancies in MM. In trials of lenalidomide maintenance, there was a 7%-8% rate of second primary cancers in the lenalidomide groups compared with 3%-4% in the placebo groups. [27] [28] [29] This increase in second cancers led to discontinuation of lenalidomide in the trial reported by Attal et al. 27 In a meta-analysis including seven trials, the 5-year cumulative incidence of secondary primary hematologic malignancies was higher in patients treated with lenalidomide than in those who were not (3.1% versus 1.4%; HR 3.8; P=0.029). 34 In addition, the risk was significantly higher in patients treated with lenalidomide plus oral melphalan than in those treated with melphalan alone (HR 4.86; P,0.0001). 34 The second primary cancers may be attributed to other factors, some of which include prior use of chemotherapeutic agents with known leukemogenic potential, MM-related disease factors, host-related factors, as well as environmental and behavioral factors. 35 In summary, over the past decade, lenalidomide's use across multiple areas of the treatment paradigm has contributed greatly to improvements in the outcomes for MM.
Advances in our understanding of the molecular mechanisms of lenalidomide combined with an expanding repertoire of therapeutic options including monoclonal antibodies will herald effective combinations and further extend survival in MM patients.
MDS
Lenalidomide was approved by the FDA in 2005 for patients with transfusion-dependent anemia resulting from International Prognostic Scoring System (IPSS) low-or intermediate-1-risk MDS associated with the deletion 5q cytogenetic abnormality in the presence or absence of other cytogenetic abnormalities. Deletions of 5q occur in approximately 12% of MDS patients and represent the most common karyotypic abnormality in MDS. 36 The "5q minus syndrome", accounting for ,5% of MDS cases and occurring mostly in older females, is characterized by an isolated 5q deletion, macrocytic anemia, the absence of neutropenia, and preserved or increased platelet counts. 37 Since many MDS patients are red cell transfusion dependent, need exists for drugs that can increase the hemoglobin in this population. Lenalidomide can reduce transfusion requirements in MDS patients. A Phase II study of 148 red blood cell transfusion-dependent patients evaluated the safety and efficacy of lenalidomide in IPSS low-or intermediate-1-risk MDS characterized by the 5q31 deletion. 38 Patients received 10 mg of lenalidomide daily or 10 mg on days 1-21 of a 28 day cycle. Following 24 weeks of therapy, 112 patients (76%) exhibited a reduction in the need for transfusions and 99 patients (67%) had become transfusion-independent. Median time to response was 4.6 weeks, and median duration of response was 44 weeks. Neutropenia and thrombocytopenia were the most common adverse effects. Grade 3 or 4 neutropenia was seen in 55% of patients, and grade 3 or 4 thrombocytopenia was observed in 44% of patients.
Subsequently, a Phase III study examined the safety and efficacy of lenalidomide in 205 red blood cell transfusiondependent patients with IPSS low-or intermediate-1-risk MDS characterized by the 5q31 deletion. 39 Patients were randomized to one of three arms: lenalidomide 10 mg on days 1-21 of a 28 day cycle, lenalidomide 5 mg daily, or placebo. Patients on the lenalidomide arms were significantly more likely to achieve transfusion independence compared to placebo. Transfusion independence, in turn, was associated with reductions in the risk of death and the risk of progression to acute myeloid leukemia (AML).
Although it is now accepted that lenalidomide has higher response rates in MDS patients with the 5q deletion 
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Ghosh et al than in those without this abnormality, this agent does have efficacy in patients whose disease lacks this abnormality. In a Phase I/II study, List et al examined 43 MDS patients with transfusion-dependent or symptomatic anemia who either had no response to erythropoietin stimulating agents or had an endogenous erythropoietin level .500 mU/mL. 40 Patients received lenalidomide at doses of 25 mg or 10 mg daily or 10 mg on days 1-21 of a 28 day cycle. Overall, 56% of patients exhibited a sustained improvement in their hemoglobin. In patients with 5q31 deletions, the response rate was 83%, compared to response rates of 57% and 12%, respectively, for patients with normal karyotypes and other cytogenetic abnormalities. Additionally, in a Phase II trial, lenalidomide was examined in patients with transfusiondependent IPSS-low-and intermediate-1-risk MDS with karyotypes other than deletion 5q. 41 In this study, 214 patients received lenalidomide at a dose of 10 mg daily or 10 mg on days 1-21 of a 28 day cycle. Twenty-six percent of patients achieved transfusion independence. Grade 3 or 4 neutropenia was observed in 30% of patients, and grade 3 or 4 thrombocytopenia was seen in 25% of patients.
In a retrospective study that utilized data gathered from two Phase II trials described above, 38, 41 Sekeres et al investigated the relationship of treatment-related cytopenias and response to lenalidomide in patients with lower-risk MDS. 42 In these studies, MDS patients with the 5q deletion developed treatment-related thrombocytopenia at higher rates than patients without the 5q abnormality. Among patients with the 5q deletion, 70% percent of patients whose platelet count decreased by 50% or more experienced transfusion independence, compared to transfusion independence in only 42% in patients whose platelet counts decreased by less than 50%. Moreover, among patients with the 5q deletion who did not have baseline neutropenia, 82% of those whose absolute neutrophil count decreased by 75% or more achieved transfusion independence, compared with 51% of those whose absolute neutrophil count remained stable. The authors conclude that their results corroborate a direct cytotoxic effect specific to the clone possessing the 5q deletion.
Lenalidomide is not currently approved for IPSS intermediate-2-or high-risk MDS but has been used in this setting. In a Phase II trial, 47 patients with higher-risk MDS harboring the 5q deletion received lenalidomide at a dose of 10 mg daily. Twenty-seven percent of patients achieved a hematologic response, including seven patients who achieved morphologic complete remission (CR). Interestingly, 35% of patients with initial platelet counts greater than 100,000/mm 3 achieved CR, compared to none of the patients with platelet counts lower than 100,000/mm 3 .
AML
Lenalidomide is not approved for use in AML but has been used increasingly in the setting of relapsed/refractory AML and in older patients with AML. One report describes sustained morphologic and cytogenetic CR in two AML patients, ages 71 and 68 years, treated with high-dose single-agent lenalidomide. 43 Each patient had trisomy 13 as their sole cytogenetic abnormality. Moreover, high-dose lenalidomide has been examined in a Phase II study of patients 60 years of age or older. 44 Patients received up to two 28-day cycles of lenalidomide at a dose of 50 mg daily followed by lowdose maintenance (10 mg daily). Thirty percent of patients achieved CR or CR with incomplete recovery of blood counts (CRi). CR/CRi was seen only in patients who had white blood cell counts ,10,000/µL and peripheral blood blast counts ,1,000/µL. In the group of patients who achieved CR/CRi, median duration of remission was 10 months.
Another Phase II study examined lenalidomide in previously untreated older AML patients (age .60 years) with deletion 5q. 45 Patients received lenalidomide 50 mg daily for 28 days, followed by a maintenance dose of 10 mg on days 1-21 of a 28 day cycle. Of 37 evaluable patients, five (14%) achieved a partial response (PR) or CR, two of whom had isolated deletion 5q and the other three of whom had complex cytogenetics. In addition, Chen et al studied single-agent lenalidomide in 18 relapsed/refractory AML patients and nine high-risk MDS patients with the 5q deletion. 46 Most patients had complex cytogenetics. Two AML patients (11%) achieved CR or CR without platelet recovery. Interestingly, both of these patients had a trisomy 8 cytogenetic abnormality in a clone separate from the 5q deletion clone. Of note, no responses were observed in patients with complex cytogenetics.
Given the comparatively modest efficacy of lenalidomide in higher-risk MDS and AML, this agent is being explored in combinations with other agents. Recently, investigators have postulated that azacitidine and lenalidomide may have synergistic effects, in part because P53 mutations are associated with lenalidomide treatment failure and because azacitidine has activity in P53-mutated MDS. 47 In addition, it has been noted that the effects of azacitidine are dependent on the cell cycle; since lenalidomide inhibits cell cycle progression, it has been suggested that sequential administration of azacitidine followed by lenalidomide is a rational approach. 
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Lenalidomide in hematologic malignancies
Multiple studies have tested the combination of azacitidine and lenalidomide in higher-risk MDS and AML, and various schedules of administration have been investigated. [48] [49] [50] [51] [52] [53] [54] Lenalidomide was combined with azacitidine in a Phase I study of patients with higher-risk MDS or AML. 48 Twenty patients with the 5q deletion (most with complex cytogenetics) were enrolled, seven of whom had a diagnosis of AML. Patients received azacitidine 75 mg/m 2 / day subcutaneously on days 1-5 and then were treated with lenalidomide on days 6-19 at escalating doses beginning at 10 mg daily. Patients received up to eight cycles of this therapy. Individuals achieving complete clearance of bone marrow blasts following two or more cycles of treatment then received maintenance azacitidine 30 mg/m 2 /day and lenalidomide at the maximum tolerated dose on days 6-19. Overall, 26% of patients achieved a hematologic response (defined as CR, CRi, or PR), and 42% exhibited a cytogenetic response. Among patients who were previously untreated, hematologic and cytogenetic response rates were 44% and 56%. In another small study, 18 AML patients ages 60 years and older, most of whom did not have the 5q deletion, were treated with sequential azacitidine and lenalidomide. Forty-four percent of evaluable patients achieved CR or CRi. 50 Importantly, the successful use of azacitidine and lenalidomide together has been reported as a bridge to allogeneic hematopoietic cell transplantation in relapsed/refractory AML patients. 48, 52, 55 Other lenalidomide combinations are under exploration. Lenalidomide and bortezomib have been used together, with some MDS and AML patients achieving CR. 56 Lenalidomide has also been tested together with cytarabine, daunorubicin, and etoposide in higher-risk MDS and AML with the 5q deletion; a subset of patients achieved CR. 57 In summary, IPSS low-and intermediate-1 risk MDS patients can be treated with supportive care, lenalidomide, or hypomethylating agents. Patients with lower-risk MDS characterized by the 5q deletion are more likely to benefit from lenalidomide. Lenalidomide also has some activity in MDS patients lacking the 5q abnormality. This agent can often be useful in those lower-risk patients who are refractory to erythropoietin stimulating agents or have high baseline erythropoietin levels. Higher-risk MDS and AML (especially relapsed/refractory AML and elderly AML) present significant treatment challenges, including the limited number of efficacious treatment options. Lenalidomide and lenalidomide-containing combinations have shown some activity in these diseases, and lenalidomide has now become part of the arsenal to treat these illnesses. Sequential azacitidine and lenalidomide has some efficacy and may be an appropriate choice in carefully selected relapsed/refractory AML patients, and also as initial therapy in some older AML patients.
Lymphoma
Lenalidomide has shown clinical activity in non-Hodgkin and Hodgkin lymphoma. Table 2 summarizes the key clinical studies in mantle cell lymphoma (MCL), diffuse large B cell lymphoma (DLBCL), and indolent lymphoma. Table 3 summarizes the published clinical trials in chronic lymphocytic leukemia.
MCL
Lenalidomide has antitumor activity in MCL as a single agent and in combination with rituximab. The earliest report of single-agent lenalidomide in MCL was a subset analysis by Haberman et al in 15 patients with relapsed/refractory MCL. 58 The overall response rate was 53% and CR rate was 20%. The median PFS was 5.6 months. A larger study which included 57 patients with relapsed/refractory MCL demonstrated ORR and CR rate of 35% and 12%, respectively, and the median PFS was 8.8 months. 59 In both studies, lenalidomide was used as a single agent at a dose of 25 mg daily for days 1-21 of a 28 day cycle. The studies included patients with relapsed refractory aggressive lymphoma including MCL. Eve et al reported a regimen of lenalidomide 25 mg per day on days 1-21 followed by lenalidomide 15 mg per day on days 1-21 of a 28 day schedule until progression for responding patients. 60 The ORR was 31% and CR rate was 8%. Patients who did not receive maintenance lenalidomide had a PFS of 3.9 months compared to 14.6 months in patients who had maintenance. It should be noted that only responding patients received maintenance lenalidomide which could have accounted for the difference in PFS between the two groups.
The EMERGE trial tested the use of single-agent lenali domide for patients with MCL who relapsed on or were refractory to bortezomib. 61 In this study, an ORR of 28% and CR rate of 8% were reported. The median time to response was 2.2 months, median duration of response was 16.6 months, and median PFS and OS were 4 and 19 months, respectively. The most common $ grade 3 adverse events were cytopenias. The results of this study led to the FDA approval of lenalidomide in patients with MCL whose disease had relapsed or progressed after two prior therapies, one of which included bortezomib.
The promising single-agent activity and the preclinical evidence that lenalidomide can potentiate the antibody dependent cellular cytotoxicity of rituximab 62 led to studies Notes: *value for whole study group; ¥ eligible patients were allowed to proceed to an autologous stem cell transplant followed by lenalidomide maintenance for 1 year; ± iC included single-agent gemcitabine, oxaliplatin, rituximab, or etoposide;
Ω IC included single-agent gemcitabine, cytarabine, or fludarabine. Abbreviations: CR, complete response; Dex, dexamethasone; DFS, disease free survival; eFS, event free survival; Len, lenalidomide; maint, maintenance; ORR, overall response rate; OS, overall survival; PFS, progression-free survival; RCHOP, rituximab, cyclophosphamide, doxorubicin, vincristine, and prednisone; RiCe, rituximab, ifosfamide, carboplatin, and etoposide; TTP, time to progression; NA, not available; iC, investigator choice.
using the combination of lenalidomide with rituximab. Wang et al reported this combination in 52 patients with relapsed/refractory MCL; the ORR of 57%, CR 36%, PFS 11.1 months, respectively, were clearly superior compared to single-agent studies with lenalidomide. 63 Zaja et al reported a 52% ORR, PFS of 12 months, and median OS of 20 months in 33 patients with the combination of lenalidomide and dexamethasone. 64 A randomized comparison of the combination (lenalidomide plus rituximab) versus single-agent lenalidomide has not been reported. 
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Lenalidomide in hematologic malignancies nation of lenalidomide and bortezomib has shown significant synergy in MM. Two trials have studied this combination in MCL. Flinn et al studied the combination of lenalidomide, bortezomib, and rituximab in a Phase I/II trial in 22 patients, 16 of whom had received no prior therapy and the remainder had received one prior therapy. 65 Lenalidomide was dosed at 10 mg daily on days 1-14; bortezomib at 1.3 mg/m 2 intravenously on days 1, 4, 8, and 11; and rituximab at 375 mg/ m 2 on days 1, 8, and 15 of cycle 1 and day 1 of subsequent cycles. The ORR, CR, and 18-month PFS for the entire group were 82%, 32%, and 61%, respectively. For patients who had not received prior therapy, the ORR was 75%. Morrison et al reported an ORR of 40% and 1-year PFS of 41% in relapsed/refractory MCL. 66 Unfortunately the incidence of grade 3 neuropathy was 32% which could have been due to the intravenous use of bortezomib.
Recently, Trneny et al reported a randomized comparison of lenalidomide versus investigator's choice (IC) (single-agent gemcitabine, cytarabine, or fludarab ine). 67 Lenalidomide demonstrated a significant improvement in ORR (40% versus 11%, P,0.001) and PFS (8.7 months versus 5.2 months, HR 0.61, P=0.004) over the IC arm. Duration of response was not statistically significant between the two groups: 16 months versus 10.4 months for lenalidomide and IC, respectively. Crossover to the lenalidomide arm was allowed and the difference in OS between the two arms (27.8 months versus 21.2 months) was not statistically significant.
In previously untreated MCL, the combination of lenalidomide and rituximab was reported recently by Ruan et al. Lenalidomide was used at 20 mg (escalated to 25 mg if tolerated) on days 1-21 of a 28 day cycle for 12 cycles followed by 15 mg as a maintenance dosing till progression. Rituximab was given weekly for 4 weeks followed by every 4 weeks for 2 years. 68 Thirty-two percent of patients were at high risk by the Mantle Cell International Prognostic Index (MIPI) and 21% had Ki67 .30%. In the evaluable population, ORR, CR, and PR were 89%, 58%, and 31%, respectively. Twenty-four-month PFS and OS were 84.6% and 94.2%, respectively. Neither MIPI score nor Ki67 correlated with response. Median time to objective response was 2.8 months and median time to CR was 11 months.
In summary, single-agent lenalidomide has modest activity in relapsed/refractory MCL, and achieves higher response rates in combination with rituximab. Combinations with bortezomib have been limited by the incidence of neuropathy; perhaps the use of subcutaneous bortezomib will be able to mitigate this effect. Recently, the BTK inhibitor ibrutinib has been FDA approved in relapsed/refractory MCL and combination studies with lenalidomide in non-Hodgkin lymphoma including MCL are being performed. The high response rate of lenalidomide and rituximab in previously untreated MCL is very encouraging, although the long-term durability of the response is currently unknown. In the frontline setting, there is a clinical trial exploring the combination of lenalidomide with rituximab-bendamustine and other studies looking at the role of lenalidomide maintenance after completion of a rituximab chemotherapy induction.
DLBCL
Two clinical trials, NHL-002 and NHL-003, showed that singleagent lenalidomide has clinical activity in DLBCL. In NHL-002, the ORR and CR/complete remission unconfirmed (CRu) rate were 19% and 12%, respectively, in the DLBCL cohort which included 26 patients. 69 This trial also included patients with follicular grade 3 lymphoma, MCL, and transformed indolent lymphoma. PFS and median duration of response for the DLBCL cohort were not reported, but for the entire group were 4 months and 6.2 months, respectively. The median time to CR was 4.3 months and median time to PR was 1.9 months. In the NHL-003 trial, ORR and CR rate were 28% and 7%, respectively, in 108 patients with relapsed/refractory DLBCL. 70 In this larger study, the median PFS and duration of response (DOR) were 2.7 months and 4.6 months, respectively. DLBCL has been subclassified into germinal center type (GCB), ABC, and primary mediastinal subtype based on gene expression profiling. 71 Patients with ABC subtype have a significantly worse outcome when treated with frontline chemotherapy and therefore account for more relapses than the other subtypes. 72 Hernandez-Ilizaliturri analyzed the activity of lenalidomide in relapsed/refractory DLBCL in GCB-like and non-GCB-like subtypes according to the immunohistochemistry based Hans algorithm. In this retrospective study, single-agent lenalidomide had a significant preferential benefit in non-GCB-like as compared to GCB-like DLBCL (ORR 52.9% versus 8.7%). 73 Two clinical studies have tested the combination of lenalidomide and rituximab in DLBCL. Zinzani et al reported this combination in elderly patients (aged $65 years) with relapsed/refractory DLBCL. 74 Lenalidomide was used at 20 mg daily on days 1-21 of a 28 day cycle and rituximab was used on days 1 and 21. After 4 cycles, patients achieving stable disease or better received lenalidomide monotherapy as maintenance for 8 months. The CR rate at the end of maintenance, 12 month disease-free survival, and 18 month OS were 35%, 35%, and 55%, respectively. The second study was reported by Wang et al in 32 patients with relapsed and refractory DLBCL. 75 In this study, rituximab was used weekly for 4 weeks during cycle 1. The ORR, CR rate, 
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Ghosh et al median PFS, and median OS were 28%, 22%, 2.8 months, and 10.2 months, respectively.
In relapsed transplant-eligible DLBCL, lenalidomide has been combined with rituximab, ifosfamide, carboplatin, and etoposide (RICE) in a Phase I/II trial. 76 In this study, 15 patients received dose-escalated lenalidomide given for days 1-7, combined with RICE given every 2 weeks. After 3 cycles, patients with chemosensitive disease underwent autologous stem cell transplant followed by lenalidomide maintenance for up to 12 months. After 2 cycles of lenalidomide plus RICE, the ORR was 73% and CR was 60%.
The first randomized study of lenalidomide versus IC (monotherapy with either gemcitabine, rituximab, etoposide, or oxaliplatin) was recently reported by Czuczman et al. 77 Patients with DLBCL who received two or more prior therapies, or were ineligible for stem cell transplantation or further combination chemotherapy, were enrolled. Twenty-nine patients crossed over to the lenalidomide arm after progression on the IC arm. For all patients, there was a statistically significant difference in PFS favoring lenalidomide versus IC (13.6 weeks versus 7.9 weeks, HR 0.64, P=0.041). There was improved ORR, PFS, and OS with lenalidomide versus IC in the non-GCB population as defined by immunohistochemistry (IHC) (29% versus 12%, 15.1 weeks versus 7.1 weeks, 32.3 weeks versus 20.4 weeks), and the difference appears to be more pronounced in the ABC population as defined by GEP (46% versus 19%, 82 weeks versus 6.2 weeks, 108.4 weeks versus 18.6 weeks). For the subgroup analysis, the results were not statistically significant with the exception of the difference in PFS in the non-GCB population (HR 0.5, P=0.02).
In newly diagnosed DLBCL, lenalidomide combined with rituximab, cyclophosphamide, doxorubicin, vincristine, and prednisone (R-CHOP) in a Phase I study achieved ORR of 90% and CR of 81%. 78 In a Phase II trial, 15 mg lenalidomide was combined with R-CHOP and ORR and CR rate were 92% and 86%, respectively. 79 After a median follow up of 28 months, the 2-year PFS and OS were 80% and 92%, respectively. Nowakowski et al studied the addition of lenalidomide to R-CHOP for frontline therapy of DLBCL. 80 The ORR and CR rate were 98% and 80%, respectively. Event-free survival and OS at 2 years were 59% and 78%, respectively. The results were compared to 87 historical control patients from the Mayo Clinic lymphoma database who were treated with R-CHOP. Interestingly, the addition of lenalidomide appeared to mitigate the negative impact of non-GCB phenotype on patient outcome.
Lenalidomide maintenance at 25 mg daily for 21 days of a 28 day cycle for 1 year was tested after R-CHOP chemotherapy in newly diagnosed DLBCL. The 2-year disease-free survival and OS for patients who received lenalidomide maintenance were 90% and 95.2%, respectively. 81 In summary, the addition of lenalidomide to R-CHOP has yielded higher response rates compared to historical controls in previously untreated DLBCL. A randomized trial of R-CHOP with and without lenalidomide is being conducted to confirm the benefit. Lenalidomide appears to overcome the poor prognostic impact of non-GCB DLBCL in both newly diagnosed and relapsed DLBCL. In relapsed DLBCL, single-agent lenalidomide has clinical activity but the limitations include the low CR rate, slow onset of response, and lack of durability. To overcome these limitations, various combinations of lenalidomide with antibodies: rituximab, obinutuzumab; antibody drug conjugate: brentuximab; BTK inhibitor: ibrutinib; mTOR inhibitors: temsirolimus, everolimus; and chemotherapy: R-CHOP, R-EPOCH, gemcitabine are being tested in clinical trials.
indolent lymphoma
The early single-agent trials of lenalidomide in lymphoma included patients with follicular lymphoma. In NHL-001, 43 patients with indolent NHL were enrolled including 22 patients with follicular lymphoma grade 1 and 2. 70 The ORR and CR rate were 27% and 9%, respectively. The median PFS for indolent lymphoma was 4.4 months. Lenalidomide plus rituximab was tested in 30 patients with relapsed/ refractory indolent lymphoma. 82 The ORR, CR rate, and median PFS were 74%, 44%, and 12.4 months, respectively. In a randomized trial of lenalidomide versus lenalidomide plus rituximab in relapsed follicular lymphoma, the ORR, CR rate, and median event-free survival were 75%, 32%, and 2 years for lenalidomide and rituximab compared to 49%, 13%, and 1.2 years for lenalidomide alone. 83 Lenalidomide plus rituximab has demonstrated excellent clinical activity in newly diagnosed indolent lymphoma. In a Phase II trial, 110 indolent lymphoma patients received lenalidomide 10 mg/day escalated to 20 mg/day and rituximab was administered on day 1 of every cycle. The ORR and CR rate were 90% and 65%, respectively. Complete responses in follicular lymphoma, marginal zone lymphoma, and small lymphocytic lymphoma were 87%, 67%, and 23%, respectively. 84 In a randomized trial, 154 patients with follicular lymphoma grade 1-3a received either rituximab on day 1 of weeks 1-4 and 12-15 or the same schedule of rituximab plus 
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Lenalidomide in hematologic malignancies lenalidomide administered at 15 mg daily, starting 14 days before the first dose of rituximab and taken continuously until 14 days after the last dose of rituximab. 85 The ORR and CR/CRu rate of lenalidomide plus rituximab were 87% and 42%, respectively, compared to 66% and 28%, respectively, for patients who received rituximab alone. The follow-up for this trial is short, and survival data are not available.
In summary, lenalidomide has promising activity in indolent lymphoma. As expected, the response rates of lenalidomide and rituximab are very high in newly diagnosed follicular lymphoma and a randomized trial has shown statistically significant improvement in CR/CRu compared to rituximab alone. In relapsed indolent lymphoma, single-agent lenalidomide has modest activity, but when combined with rituximab the responses are robust and more durable when compared to lenalidomide alone.
Chronic lymphocytic leukemia
The first clinical demonstration of the activity of lenalidomide in chronic lymphocytic leukemia (CLL) was a Phase II trial in 45 patients with relapsed/refractory CLL who received 25 mg of lenalidomide on days 1-21 of a 28 day cycle. 86 As a result of tumor lysis syndrome in two patients, the protocol was amended to start lenalidomide at 5 mg and escalated by 5 mg every 1-2 weeks to a maximum of 25 mg. Patients who had progressive disease or stable disease had rituximab added to lenalidomide. Tumor flare reaction was seen in 58% of patients; 8% of patients had grade 3 or 4 tumor flare which was treated with either ibuprofen or morphine. The last 16 patients to enroll in this trial received prophylaxis with oral prednisone. Tumor flare reaction is a unique side effect of lenalidomide in this disease and consists of swelling of the lymph nodes, spleen, and/or liver with or without fever, erythema, maculopapular nonpruritic rash, bone pain, and increase in lymphocyte counts. The ORR and CR rate were 47% and 9%, respectively. Of the three patients who exhibited disease progression, addition of rituximab led to a PR. In another Phase II trial, lenalidomide was started at 10 mg daily and increased by 5 mg every 28 days to a maximum of 25 mg. 87 The ORR and CR rate in 44 patients with relapsed/ refractory CLL were 32% and 7%, respectively. In this study, the efficacy of lenalidomide was seen across high-risk groups such as del 17p, del 11q, and unmutated IGVH.
Badoux et al reported the combination of lenalidomide and rituximab in relapsed or refractory CLL. 88 The ORR, CR rate, and 3-year OS were 66%, 12%, and 71%, respectively. Time to treatment failure was 17.4 months. In this trial, rituximab was given weekly during cycle 1 and on day 1 of cycles 3-12. Lenalidomide was started on day 9 of cycle 1 at 10 mg and administered continuously.
In newly diagnosed elderly (aged $65 years) CLL, lenalidomide monotherapy yielded an ORR, CR rate, and 2-year PFS of 65%, 10%, and 60%, respectively. 89 Chen et al reported results of a single-agent lenalidomide study in untreated CLL. 90 The first two patients were started with 10 mg lenalidomide for 21 days of a 28 day cycle and weekly escalations of 5 mg dose to a maximum of 25 mg. Severe toxicities with tumor lysis and fatal sepsis were noted. The protocol was amended to start with 2.5 mg of lenalidomide; with this dose, no further tumor lysis was noted. However, tumor flare was seen in 88% of patients and a high incidence of $ grade 3 neutropenia was observed in 72% of patients. The ORR was 56% and no CRs were seen. A large randomized study of lenalidomide versus chlorambucil called the ORIGIN trial was stopped early due to increased deaths in the lenalidomide arm compared to the chlorambucil arm. James et al studied the combination of lenalidomide and rituximab in previously untreated CLL. 91 Sixty-nine patients were enrolled onto one of two age-specific strata. The median ages were 56 and 70 years for the two arms. The ORR and CR rate for the younger group were 95% and 20%, respectively, and for the older group were 78% and 11%, respectively. The median PFS did not differ between the younger and older cohort: 19 and 20 months, respectively.
To summarize, in previously untreated CLL, lenalidomide has significant activity but clinical development has been impaired due to significant toxicity. The use of very low doses of lenalidomide and vigilance for tumor lysis syndrome is warranted. In relapsed and refractory CLL, the combination of rituximab and lenalidomide leads to higher and more durable responses than lenalidomide alone, although a randomized comparison has not been reported. The adverse effects of tumor lysis and tumor flare appear to be unique to lenalidomide and CLL. It is important to recognize tumor flare and avoid confusion with disease progression.
T cell lymphoma
Zinzani et al reported the first study to demonstrate activity of lenalidomide in T-cell lymphoma. 92 In this Phase II trial, lenalidomide was used at a dose of 25 mg in ten patients with relapsed and refractory PTCL-nos. The ORR and CR rate was 30% (3/10 patients). However, two of the three patients who achieved a CR relapsed less than 5 months after completing treatment. The EXPECT trial was a larger trial of single-agent 
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Ghosh et al lenalidomide in 54 patients with relapsed/refractory PTCL. 93 The ORR and CR/CRu rate were 22% and 11%, respectively. The median PFS and DOR were short at 2.5 months and 3.6 months, respectively. Lenalidomide has been combined with vorinostat in a Phase I trial. 94 Due to toxicity, the MTD of lenalidomide on this trial was 5 mg and only two of eight patients responded to the combination.
Classical Hodgkin lymphoma
Lenalidomide has modest clinical activity in patients with relapsed and refractory Hodgkin lymphoma. In a Phase II trial of 38 heavily pretreated patients with classical Hodgkin lymphoma, ORR rate was 19% and one patient achieved a CR. 95 Median duration of response was 6 months and median time to treatment failure was 15 months. Combinations of lenalidomide with chemotherapy and/or antibody drug conjugates such as brentuximab have not been reported in classical Hodgkin lymphoma.
Impact on quality of life
Although lenalidomide is a fairly well-tolerated drug, its use is associated with side effects such as cytopenias, rash, gastrointestinal symptoms, infections, and venous thromboembolic events. Therefore, an important consideration is the impact of this drug on the quality of life. In del 5q MDS, the use of lenalidomide is associated with a reduced requirement for transfusions. In a randomized trial of lenalidomide versus placebo in patients with IPSS low-/intermediate-1-risk del 5q MDS, health-related quality of life (HRQoL) outcomes were assessed using the Functional Assessment of Cancer Therapy-Anemia (FACT-An). 96 Mean baseline to 12-week changes in FACT-An total scores improved following treatment with lenalidomide (+5.7) versus placebo (-2.8). Longterm improvements at 48 weeks were also seen. The authors concluded that in del 5q MDS, the improvements in red blood cell transfusion independence and hemoglobin level are associated with patient functioning and well-being.
In MM, the MM-015 trial assessed the effect of lenalidomide-based therapy (melphalan-prednisone-lenalidomide) followed by lenalidomide maintenance on HRQoL. Patients completed HRQoL questionnaires at baseline, after every 3rd treatment cycle, and at the end of treatment. Patients receiving lenalidomide maintenance exhibited pronounced improvements in quality of life including physical functioning. 97 In the FIRST trial, continuous lenalidomide and dexamethasone treatment improved HRQoL measurements compared to MPT. 98 This improvement was mainly associated with improvements in PFS.
These studies indicate that the clinical benefits from lenalidomide lead to improvement in quality of life and may outweigh some of the side effects of the drug.
Conclusion
Lenalidomide is an IMiD that has effects on tumor cells and the tumor microenvironment leading to clinical efficacy across a diverse spectrum of hematologic malignancies. Recent insights into the biology of IMiDs have identified cereblon as a crucial molecule for the lenalidomide effect and may lead to development of biomarkers for sensitivity or resistance to lenalidomide. Lenalidomide is currently FDA approved for the use: 1) in patients with transfusiondependent anemia due to low-or intermediate-1-risk MDS associated with del 5q; 2) in combination with dexamethasone in patients with MM who have received one prior therapy; and 3) in patients with MCL whose disease has relapsed or progressed after two prior therapies, one of which included bortezomib. In addition to the above indications, we have reviewed the clinical efficacy in newly diagnosed myeloma, MDS/AML, NHL, CLL, and Hodgkin lymphoma. Lenalidomide has the advantages of oral administration and manageable toxicity. Combinations of lenalidomide with traditional chemotherapy and novel biologic agents are being explored in clinical trials. Novel agent combinations have become standard of care in MM therapy and the progress in other hematologic malignancies is promising.
